Riboregulators are short RNA sequences that, upon binding to a ligand, change 3 their secondary structure and influence the expression rate of a downstream gene. 4 They constitute an attractive alternative to transcription factors for building synthetic 5 gene regulatory networks because they can be engineered de novo and they have a fast 6 turnover and a low metabolic burden. However, riboregulators are generally designed in 7 silico and tested in vivo, which only provides a yes/no evaluation of their performances, 8 thus hindering the improvement of design algorithms. Here we show that a cell-free 9 transcription-translation (TX-TL) system provides valuable quantitative information 10 about the performances of in silico designed riboregulators. In particular, we use the 11 ribosome as an exquisite molecular machine that detects functional riboregulators, pre-12 cisely measures their concentration and linearly amplifies the signal by generating a 13 fluorescent protein. We apply this method to characterize two types of translational 14 riboregulators composed of a cis-repressed (cr) and a trans-activating (ta) strand. At 15 the DNA level we demonstrate that high concentrations of taDNA poisoned the acti-16 vator until total shut off. At the RNA level, we show that this approach provides a 17 fast and simple way to measure dissociation constants of functional riboregulators, in 18 contrast to standard mobility-shift assays. Our method opens the route for using cell-19 free TX-TL systems for the quantitative characterization of functional riboregulators 20 in order to improve their design in silico.
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Figure 1: Principle of a transational riboregulator and of its characterization using a cellfree transcription-translation system (TX-TL). (A) Sketches of the two operation modes of translational riboregulators functioning as an activator. The 5'-UTR of R cr RNA, forms a hairpin that hides either the ribosome binding site (RBS, i.) or the start codon (AUG, ii.) away from the ribosome. R ta hybridizes with R cr , unwinding the hairpin and liberating the RBS and/or the AUG promoting translation. (B) Mechanism of transcription, riboregulation through RNA hybdridization and translation used in this work. DNA sequences D cr and D ta are transcribed into a cis-repressed, R cr , and a trans-activator, R ta , RNA strands. R cr may be slowly translated into protein P or hybridize with R ta to form R act that is translated more rapidly into P. Measuring the dynamics of fluorescence production by a fluorescent protein P provides information about ressource competition when evaluating the system at the DNA level and quantitative values of dissociation constants K d when RNA concentration is fixed.
for R cr and R act , noted respectively r cr tl and r act tl , and seek the objective r act tl r cr tl ≈ 0 for 77 an activator ( Figure 1B ). For convenience we assign a species name to an RNA sequence, 78 but one must bear in mind that a given RNA 
Figure 2: Characterization of the TX-TL system in the absence of riboregulation. Translation dynamics (A) and maximum fluorescence production rate (B) for increasing concentrations of an unregulated mRNA fragment coding for GFP. Expression (transcription and translation) dynamics (C) and maximum fluorescence production rate (D) for increasing concentrations of an unregulated linear DNA fragment coding for GFP. Solid lines (A,C) and disks (B,D) represent data, dotted lines are fits to the model. Error bars correspond to one sigma of a triplicate experiment.
We first characterized the translation and expression (transcription and translation) re-104 actions of the PURE system in the absence of riboregulation. To do so, we prepared by PCR 105 a linear DNA fragment coding for a green fluorescent protein (GFP) with no upstream regu-106 latory region, called cr − DNA. It is composed of a T7 RNA polymerase promoter, a ribosome 107 binding site and the GFP-coding sequence. To simplify transcription termination we did not 108 add a terminator site at the end of the linear DNA fragment. In addition, we prepared by 109 in vitro transcription the corresponding messenger RNA, cr − RNA, from cr − DNA. We suc-110 cessively used cr − RNA and cr − DNA as the coding nucleic acid input of the TX-TL system. 111 We varied the concentration of the input and we measured the fluorescence emitted by the Figure S2 ). These approximations are valid as long as the RNA molecules 135 do not deteriorate and the enzymatic ressources, more specifically the ribosomes, are not 136 depleted. We thus write the following mechanism
where D act and R act are, respectively, cr − DNA and cr − RNA and r tx , r tl and r m are, re-138 spectively, the transcription, translation and maturation rates. With the aforementioned 139 hypotheses, this mechanism is associated with the rate equations 140 dD act dt = 0 (4)
where k x and K x are, respectively, the rate and the Michaelis-Menten constants of reaction x 
Note that when the ribosome is not saturated, R act (0)
K tl , we can define a function 146 c(k tl , k m , t) that does not depend on R act (0) and write
explicitly showing that translation acts as a linear amplifier of the initial concentration of 148 active RNA. For expression, the exact solution is given in SI Section 3.3, here we provide an
Considering that the fluorescence intensity is proportional to P * we fitted (8) test the effect of an increase in D ta concentration in the performances of the riboregulator 167 we performed a TX-TL expression experiment with two linear DNA fragments, D cr and D ta .
168
Within the TX-TL system the two DNA molecules are transcribed into the corresponding 169 RNA strands, which associate into a coding RNA, R act . The production of P mainly comes 170 from the translation of R act but also may come from R cr , when cis-repression is not very 171 effective. We thus write the following mechanism, 172 D cr 
We titrated riboregulator G03 (SI Table S1 ) by keeping D cr = 0.25 nM constant, varying To understand the role of saturation of transcriptional ressources, we modeled reactions 184 (11-14) by the rate equations (4-7) but we replaced the production rate of R act (5) by 185 the following set of equations, that takes into account the competition for transcriptional 186 ressources,
where we have assumed that the hybridization reaction (12), with dissociation equilibrium (Table 1) . We obtained the dashed lines in Figure 3 reverse transcriptase to terminate on stable RNA duplexes (10 ). In both cases these assays 205 characterize the species R act for being a duplex RNA but they are not sensitive to its trans-206 lational activity. Here, instead, we probed the equilibrium concentration of R ta that is active 207 for translation. Our method is thus more meaningful to evaluate the design performances of 208 a riboregulator. 209 We tested two types of riboregulators, two loop-mediated (19 ) and three toehold-mediated 210 riboregulators (18 ). In the former, the RBS is buried inside the hairpin and the R ta binds 211 first to the loop on the hairpin. In the later, the start codon is protected by the hairpin and 212 the R ta binds to a toehold sequence on the 5' side of the hairpin. We in vitro transcribed 213 the R cr and R ta of these riboregulators (Figure S?? ) and studied their translation dynamics 214 by titrating 5 nM R cr with increasing concentrations of its corresponding R ta in the range 215 0 − 1000 nM (Figure 4 and SI Figure S4 ). Because translation linearly amplifies R act (Fig-216 ure 2B and (9)), measuring the GFP intensity at a given time is directly proportional to the 217 concentration of R act that is translationally active. We thus plotted the normalized GFP 218 fluorescence at 200 min as a function of the log of R ta concentration. For a bimolecular 219 equilibrium such as (12) one expects these plots to be described by 220
whereR act is the equilibrium concentration of R act and superscript 0 indicates initial concen-221 trations. Our experimental data followed well this trend (Figures 4 and S4) . We thus fitted where a well-behaved regulator, G80, activated with 100 nM of its corresponding R ta , was 228 titrated with increasing concentrations of R ta -G01 ( Figure 5 ). We observed again that very 229 high concentrations of R ta -G01 significantly reduced the final GFP concentration. We thus 230 concluded that R ta -G01 poisoned the translation machinery, probably by nonspecific binding 231 to other RNA components, including tRNAs, ribosomes, mRNAs, with about 1 µM affinity. To assess the performance of our method for measuring K d , we independently measured 233 it with a standard mobility-shift assay performed with capillary gel electrophoresis. We used 234 the same purified R cr and R ta that we mixed together at 37 o C in a buffer with identical salt 235 composition than the TX-TL system during 10 min before performing the electrophoresis 236 assay. R cr concentration was 8.3 nM and the R ta concentration was ranging from 0 to 200 237 nM. Figure 6 shows the electropherograms for riboregulator G03, where a peak in intensity 238 at a given time point corresponds to an RNA structure. In our experiments we detected contrast with the TX-TL method. The values obtained were of the same order of magnitude 244 of those obtained by TX-TL. However, mobility-shift assay yielded K d in a narrower range 245 of 100 − 250 nM, while TX-TL was able to better discriminate K d for the same species and 246 provided values in the range 8 − 160 nM (Table 1) .
247
Table 1: Dissociation constants K d at 37 o C for the studied riboregulator devices measured using the cell-free translation method (txtl) and the mobility-shift method (ms). N.M. indicates that the electropherogram showed ill-defined peaks from which K d could not be extracted. in high-copy plasmids in vivo should limit the efficiency of translational activators. By 255 titrating the cis-repressed gene with the trans-activating species at the RNA level we could µg/mL 10-formyl-5, 6, 7, 8-tetrahydrofolic acid, 0.1 mM each of amino acids, and factor 286 mix. The factor mix contained 1.2 µM ribosome, 10 µg/ml IF1, 40 µg/ml IF2, 10 µg/ml 287 IF3, 50 µg/ml EF-G, 100 µg/ml EF-Tu, 50 µg/ml EF-Ts, 10 µg/ml RF1, 10 µg/ml RF2, to the PURE TX-TL system without any template. Corrected data were filtered using a 300 Savitzky-Golay filter (window length: 21, polynomial order: 3) to remove residual noise 301 before being derived to compute v max .
302
Electrophoretic mobility shift assays 303 Electrophoretic mobility shift assays were performed with a 2100 Bioanalyzer System (Ag-304 ilent Technologies) and an RNA Nano chip Kit. Samples were prepared by mixing RNA 305 strands in 50 mM Hepes-KOH pH 7.6, 13 mM magnesium acetate, 100 mM potassium glu-306 tamate, 2 mM spermidine, 1 mM DTT and nuclase free water. They were incubated at 37 o C 307 for 10 min before being loaded into the electrophoresis chip. Electropherograms were manu-ally aligned along the time axis. Affine curves corresponding to the backgrounds of zones of
